The total worldwide resources of oil sands, heavy oil, oil shale and coal far exceed those of conventional light oil. In situ combustion and gasification are techniques that can potentially recover the energy from these unconventional hydrocarbon resources. In situ combustion can be used to produce oil, especially viscous and immobile crudes, by heating the oil and reducing the viscosity of the hydrocarbon liquids allowing them to flow to production wells. In situ gasification can be used to convert deep carbonaceous materials into synthesis gas which can be used at surface for power generation and petrochemical applications. While both in situ combustion for oil recovery and in situ gasification of coal have been developed and demonstrated over many decades, the commercial applications of these techniques have been limited to date. There are many physical processes occurring during in situ combustion, including multi-phase flow, heat and mass transfer, chemical reactions in porous media and geomechanics. A key tool in analysing and optimising the technologies involves using numerical models to simulate the processes. This paper presents a brief review of mathematical modelling of in situ combustion and gasification with an emphasis on developing a generalised framework and describing some of the key challenges and opportunities.
Introduction
In situ combustion (ISC) and in situ gasification (ISG) are enhanced recovery methods to produce hydrocarbons involving the injection of an oxidant into the formation and the production of a hydrocarbon. ISC is a method developed to recover oil resources. While it can be used for a wide range of oil quality, this article focuses on the application to oils with low mobility, such as heavy oil and bitumen (oil sands). The objective of ISC is to heat and mobilise the oil by combusting a small fraction, typically the coke fraction. The heated and mobile oil is then recovered in production wells. In contrast, the objective of ISG is to convert immobile hydrocarbon resources into synthesis gas, predominately CO and H 2 , which can be extracted to surface via production wells. ISG can be applied to coal, bitumen and oil shale resources. The application of ISG to coal seams is well developed and is usually referred to as underground coal gasification (UCG) or in situ coal gasification (ISCG).
The fundamental phenomena occurring during ISC and ISG processes is extremely varied involving chemical reactions coupled with simultaneous heat, mass and momentum transfer in a multi-phase system with complex thermo-hydro-mechanical interactions. These phenomena occur on disparate time and length scales making the techniques some of the most difficult enhanced recovery methods to simulate either physically or numerically. 1 Nonetheless, comprehensive modelling studies, along with laboratory-scale experiments and field-scale demonstrations, will play a significant role in the development of these enhanced recovery methods. Figure 1 shows schematics of the commonly used ISC methods applied to recover heavy oils. In the conventional ''fireflood'' shown in Figure 1 (a), vertical wells are drilled on a regular pattern, with air injected via the injection wells and oil, water and flue gas extracted from the production wells. In a one-dimensional (1D) sense, the combustion process establishes distinct zones, with a thin combustion front travelling forwards through the formation. The injected air is preheated by the hot formation and the oxygen reacts with solid coke in a very thin combustion front. Ahead of the combustion front, a coke zone is formed by pyrolysis and thermal cracking of the oil.
Methods of ISC and ISG
Heated oil forms a mobilised oil zone in which two regions can be distinguished: a steam-plateau region, where the temperature is constant at the vaporisation temperature of the steam, and a hot zone, where water is in the liquid phase. The key performance parameters of ISC are the overall oil recovery and the air oil ratio (AOR). While a large number of ISC projects have been undertaken using vertical wells, only a few continue to operate. 2 The main disadvantages of using vertical wells is that around the production well there remains a cold oil bank which has low mobility and therefore must be heated before significant oil production can occur. 3 In addition, the hot gases have a tendency to migrate towards the top of the reservoir, over-riding much of the oil in place. 4 In regions with high permeability, the combustion front can preferentially breakthrough to the production wells reducing oil recovery. Moore et al. 5 report that operational challenges include over-heating of production wells, corrosive fluids, emulsion formation, large quantities of flue gas and severe sand accumulation. The effectiveness of using vertical wells is improved via gravity drainage when the reservoir is on a dip. In this case, a line-drive can be established from a row of injectors to a row of producers, as successfully applied at the Suplacu de Barcau field in Romania since the 1970s. 2 In order to improve upon the resource recovery of the ''fireflood'', the Toe-to-Heel Air Injection (THAI) process was developed, as shown in Figure 1 (b). 6, 7 In THAI, a horizontal production well is drilled near the bottom of the reservoir, enabling mobilised oil to drain under gravity via a short distance displacement to the well bore. Experimental and numerical modelling show that THAI has many advantages over the ''fireflood'', [8] [9] [10] ; however, field-scale demonstrations of THAI in Canada have not been very successful. Combustion-Assisted Gravity Drainage (CAGD) is a process which uses two horizontal wells drilled one above the other in a configuration similar to that used for Steam-Assisted Gravity Drainage (SAGD). 12, 13 Air is injected into the upper well, leading to the formation of a combustion zone and steam chamber. Hot mobilised oil drains into the horizontal production well. Numerical modelling and laboratory experiments show that this configuration has promise, though no field-scale demonstrations have been undertaken. A potential operational risk with CAGD is that the combustion front could prematurely breakthrough into the production well via high permeability zones and/or fractures, leading to combustion of the production well, poor resource recovery and high AORs. Yang et al.
14 evaluated the injection of an oxidant during SAGD as a method of improving the recovery of bitumen.
The development of ISCG methods also started with vertical wells and has evolved to use configurations with horizontal wells. Figure 2 shows three common methods for ISCG. The linked vertical well (LVW) concept, Figure 2 (a), utilises a vertical injection well for the injection of the oxidant into the formation and a vertical production well to extract the syngas. Since the permeability of coal is too low under natural conditions to sustain economical syngas production, a permeable link must be established. The permeable link can be created using fracturing, electrolinking, reverse combustion or a drilled link. Once ignited, the gasification of the coal establishes a number of zones. Oxygen injected into the formation reacts mostly in the gas phase, forming CO and CO 2 and liberating heat, which is transferred via convection and radiation to the char/coke surfaces. In the reducing zone, the char/coke reacts with steam and CO 2 to form synthesis gas composed of CO and H 2 . Around the cavity, coal pyrolysis releases volatiles, including CH 4 , higher hydrocarbons and forms char and coke. Further away, the coal is heated sufficiently to evaporate moisture generating steam. The mineral matter in most coals is less than 30%; therefore, a significant fraction of organic material is converted to gas in the ISCG process, generating substantial voidage and leaving residual ash to pile up at the bottom of the combustion and gasification zones. 15 Resource recovery and control is relatively poor when using vertical wells.
In the 1980s, the concept of a Controlled Retracting Injection Point (CRIP) was developed in the USA. 16 Figure 2(b) shows the Linear-CRIP process. A horizontal well is drilled at the bottom of the coal seam and intersects a vertical production well. The coal is ignited from the horizontal and the oxidant is injected at the first position, Position 1. Once all of the coal in the vicinity of this location has been converted to gas, the injection point is retracted to Position 2 and the process is repeated. The retraction of the oxidant injection point continues until it is close to the heel of the injection well (Position n). A key advantage of the CRIP process is that more coal can be accessed and the oxidant flux reacting with the coal surface can be better controlled by varying a combination of flow rate and location. 17 A variant of the Linear-CRIP process is called the Parallel-CRIP, as shown in Figure 2 (c). Two horizontal wells are drilled in parallel at the bottom of the coal seam, several tens of metres apart, such that they intersect at an apex, establishing the combustion and gasification zone as shown by the cross-section schematic in Figure 2 (c). As with the Linear-CRIP, the oxidant injection location is retracted along the injection well, from Position 1, to Position 2, to. . . Position n. The main advantage of the Parallel-CRIP design is that the overburden formation can subside forming a goaf behind the reaction zone.
Mathematical models
Models for ISC that represent the transport of fluid flow, heat and chemical reactions in porous media can be classed as either 1D analytical models. [18] [19] [20] or multi-dimensional numerical models. 14, [21] [22] [23] The mathematical models for ISCG found in the literature are much more varied because the process removes a large fraction of the coal formation, leading to various regions which have different governing phenomena. The major classes of ISCG models include process models, 24, 25 coal block models, [26] [27] [28] coal wall models, 29 packed bed models, [30] [31] [32] channel models, 33, 34 CFD models, [35] [36] [37] resource recovery models 17, 38 and reservoir models.
39,40
Characteristic length and time scales
The length scales of relevance span about 15 orders of magnitude, from the size of micro-pores ($10 À9 m) to the field scale ($10 þ4 m). In between these extremes are the characteristic scales of the reaction front ($10 À2 m), formation thickness ($10 þ0 m) and typical well spacing ($10 þ2 m). Similarly, the time scales of relevance span about 10 orders of magnitude from the combustion reaction ($10 À3 s) to the life of a well ($10 þ7 s). A major challenge in modelling is how to represent these disparate time and length scales. In numerical models, the grid block sizes that can be applied are necessarily substantially larger than the smallest scales of interest.
Phases
In general, four phases (N P ¼ 4) can be identified with a matrix of (inert) rock material: gas, water, oil and solid. The solid may consist of reactive components such as coke/char. In oil applications, the reactive coke is formed during pyrolysis of the oil phase; while in coal applications the reactive char is formed from pyrolysis of the solid phase, with the mineral matter/ash remaining behind. The volume fraction of the phases, , are defined in terms of the porosity of the rock, e, and the saturation, S , as follows: Figure 3 shows a representative elemental volume (REV) within the reservoir.
Additional relations are required for representing phase behaviour. The partitioning of components between phases can be described using K-values, such that X 
Transport equations
To derive the conservation equations governing the system, the Navier-Stokes equations are integrated over the REV and a number of simplifying assumptions are made to formulate the equations in terms of observable variables. In theory, the REV has a size which is large in comparison to local variations, but small in comparison to the scale of the problem of interest. For each phase , the conservation of mass, the conservation of mass for component i and the conservation of momentum are given, respectively, by 41, 42 
and 
The conservation of energy may be formulated in terms of total and internal energy, enthalpy or temperature. 43 The energy equation in terms of internal energy per unit mass, U, assuming all phases are in thermal equilibrium is
where U is the internal energy of phase , U r is the internal energy of the rock, T is the temperature, l eff is the effective thermal conductivity, h i is the enthalpy of component i andj i is the diffusion flux of component i in phase given by:
q well represents a source of energy from material inflows and outflows due to the presence of wells, and viscous dissipation and pressure work are assumed negligible. The conservation of energy in terms of temperature can be written as
where C p, and C p,r are the specific heats of phase and rock, respectively, and is the coefficient of thermal expansion. For ideal gases, ¼ 1/T. Table 1 Figure 3. Representative elemental volume (REV) for multiphase system incorporating rock, gas, oil, water and solid.
details the source/sink terms due to wells, inter-phase mass transfer and chemical reactions, where W i is the molecular weight, i,k is the stoichiometric coefficient of component i in reaction k and _ r k and H k are, respectively, the rate and heat of reaction for reaction k. N R is the number of reactions.
For many applications where oil and gas flows through a porous media, equation (3) is simplified using Darcy's law
where F is the mass flux of phase , k is the absolute permeability tensor for the medium and k r, is the relative permeability of phase and D is a reference datum. Extensions of the approach to non-Darcy flow by using the Forchheimer equation are well known. In many reservoir simulators, the mass flux from Darcy's law, ũ , is substituted into the conservation of mass equations, yielding an equation for the oil and water phases as follows
However, in coal applications, the coal matrix can be completely consumed leading to the creation of significant void spaces within the formation. In these spaces, which can also be very hot due to the presence of the combustion reactions, the fluid flow phenomena is governed by the Navier-Stokes equations and can be turbulent and driven by natural convection. Figure 4 shows a schematic of the major flow patterns in the void space during ISCG, while Figure 5 shows velocity vectors in the void space above an ash bed calculated using a CFD model.
The gas flow in the void regions within a reservoir model could be simulated using techniques from CFD by the explicit addition of a turbulence model. However, to this author's knowledge, none of the existing multi-phase reservoir simulators are designed to model reacting-turbulent natural convective flows. In addition, applying CFD methods inside reservoir simulators will likely require the use of very small time-steps and small grid-block sizes making practical simulations very time consuming, if not totally infeasible. A practical approach is to model the bulk effects of the turbulent natural convective gas flow using an approximation. Perkins 29 used an overall effective diffusivity, D eff , calculated as the sum of the molecular diffusivity, D im , and the diffusivity representing the convection processes, as
yielding a conservation of mass equation for gaseous component i given by
The Sherwood number for natural convection is correlated using Sh ¼ aGr b Sc c , where a, b and c are coefficients determined through fitting to experimental data and the Grashof number is Gr ¼ 9:81
where w is the density of the gas adjacent to the reacting coal wall. Perkins 29 used the Sherwood number correlation from Kuyper 
For turbulent natural convection, Grashof numbers higher than about 10 9 are required. In a reservoir Source terms
simulator, this formulation could be implemented by calculating the effective diffusivity for each gas component as
To complete the equations, relations for the transport properties such as capillary pressure, relative permeability, density, viscosity, enthalpy and thermal conductivity are required. These relations are functions of saturation S , temperature T and composition Y i . 42 
Chemical reactions
The main reactions in ISC and ISG are the pyrolysis and thermal cracking of oil and coal, the heterogeneous combustion and gasification of char and coke and the combustion of volatiles in the gas phase. A general heterogeneous reaction rate is usually expressed as
where k f,k is an Arrhenius expression given by
with A k as pre-exponential factor, k is an exponent, E k is the activation energy, C Fuel is the concentration of solid fuel and P i is the partial pressure of component i, typically oxygen. The exponents a and b have values that depend on the rate controlling step in the detailed reaction mechanism. For solid combustion, firstorder reaction kinetics are common (a ¼ b ¼ 1).
A generic one-step model of gaseous fuel reaction is given by
For the water-gas shift and reforming reactions, a backward reaction rate term is added to capture the limitation on the extent of reaction due to equilibrium constraints.
Reaction models for bitumen
Heavy oil and bitumen are complex mixtures which react within three broad temperature ranges. At low temperatures (50 C < T < 350 C), reactions between oxygen and oil can result in the production of oxygenated hydrocarbons, with significantly higher viscosities, lower volatilities and lower API gravity than the virgin oil. 46 This low-temperature oxidation (LTO) occurs when oxygen is available downstream of the combustion front and can form resins and asphaltenes/coke. 47 At moderate temperatures (350 C < T < 600 C), pyrolysis leads to the thermal cracking of bitumen and heavy oil into coke, volatile gases and lighter oil components. Pyrolysis is known to be significantly effected by temperature, pressure, ambient gas composition and heating rate. Belgrave et al. 22 assumed bitumen was composed of light oil (maltenes) and heavy oil (asphaltenes) and used first-order reaction kinetics to fit laboratory pyrolysis data. A major simplification in the Belgrave model was the lumping of the light gas molecules together into a pseudo-species. Kapadia et al. 48 have developed a more elaborate reaction scheme for the pyrolysis of Athabasca bitumen which directly includes the light gas molecules CO, CO 2 , H 2 , H 2 S, CH 4 and lumped only the C 2þ and heavier molecular weight gas molecules. Medium-temperature oxidation (MTO) is also possible in some crudes. 49 At high temperatures (T > 600 C) heterogeneous reactions of coke with oxygen, steam and CO 2 occur. High-temperature oxidation (HTO) of the coke generates the heat necessary for reactions at lower temperatures. In the gas phase, homogeneous combustion reactions and the water-gas shift reaction have a significant effect on the combustion of the produced gases. Historically, few models included the homogeneous reactions; however, they become important if the intent is to convert the oil into synthesis gas and hydrogen. To accurately simulate the propagation of the combustion front, an adequate representation of the reaction network and kinetics is necessary to capture the rate of fuel formation (due to LTO and pyrolysis) and the rate of fuel consumption (due to HTO). Some researchers have developed reaction models based on the SARA (saturate, aromatic, resin and asphaltene) fractions of the oil, which can potentially describe the combustion processes better than a model of oil using only two psuedo-species.
9,50 Table 2 shows the chemical reaction models for bitumen and coal assumed by Kapadia et al. 51 and Perkins and Sahajwalla, 34 respectively.
Reaction models for coal
Due to its importance for design and operation of coal fired power plants, the fundamentals of coal combustion and gasification have been extensively studied.
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At moderate temperatures (350 C < T < 600 C), the pyrolysis process leads to the formation of volatile gases, tars and char. Models for coal pyrolysis at high heating rates include formulations based on functional groups, 53 analogy with flash distillation 54 and application of lattice statistics. 55 However, for the slow heating rates experienced during ISCG, a one-step or two-step reaction model with either first-order kinetics or a distributed activation energy is considered sufficient to capture the important phenomena. 56 The heterogeneous reaction of char/coke follows a Langmuir-Hinshelwood form; however, for convenience, power law approximations like equation (12) are generally used in simulations. The effective reactivity of the char is a function of its intrinsic reactivity, the total available surface area and the diffusion within its porous structure. 52 Coals exhibit a complex pore structure, with micro-pores (d p < 20 Å ), meso-pores (20 < d p < 500 Å ) and macro-pores (d p > 500 Å ) present in most coals. By combining the expressions for the intrinsic chemical reactivity with models of the pore structure and evolution, 57, 58 researchers have developed models which predict the overall reactivity of char as a function of conversion and operating conditions for coal particles [59] [60] [61] and coal blocks. [26] [27] [28] Calculations by Perkins 29 of the combined chemical reaction and pore diffusion for a number of chars over a wide temperature range are shown in Figure 6 , together with the apparent rates based solely on external mass transfer (10 1 4 Sh 4 10 3 ). For high-rank coals, the char reactivity is low in comparison to Figure 6 , the rate controlling step at typical operating temperatures in low-rank coals is found to be in the combined mass transfer and chemical kinetics regime.
For most simulation purposes, the addition of an effectiveness factor, , to equation (12) is a practical way to account for the effects of pore diffusion mass transfer on the rate of chemical reaction.
Simulations

In situ combustion
Rahnema and Mamora 12 have undertaken numerical simulation of the CAGD process using Athabasca bitumen. A commercial size project was simulated numerically assuming a reservoir 500 m Â 144 m Â 36 m in size. The numerical simulations applied the four-phase formulation, the chemical reaction model from Belgrave et al. 22 and were conducted using the reservoir software STARS. Figure 7 shows forecast contours of oil saturation and temperature from a cross-section through the reservoir 10 years after initial start-up. In Figure 7 (a), the interfaces between the zone of zero oil saturation and the mobilised oil bank can be clearly seen. The saturated steam zone and the region of cold oil are also visible. In Figure 7 (b), the peak temperature from the combustion front is observed towards the top of the reservoir with a value of circa 600 C. Subsequently, Rahnema et al. 68 undertook experimental and numerical modelling of a laboratory-scale Figure 6 . Comparison of the mass transfer rates and apparent reactivities of selected coal chars for carbon-steam gasification at 1 MPa with a steam mole fraction of 0.2 (data from van Batenburg, 65 Roberts and Harris, 66 version of the process. It was found that the reservoir simulation model adequately represented the results from the laboratory experimental rig. Figure 8 shows a comparison of the oil and gas production from the laboratory experiment with the numerical simulation. Perkins 69 developed the moving injection gravity drainage (MIGD) concept to overcome the potential issues of operating ISC in heterogeneous reservoirs (see Perkins and Burger 70 ). This technique uses the dual-horizontal well configuration from CAGD; however, the oxidant is injected into specific zones and is moved through the reservoir in a manner similar to that applied in the CRIP process for ISCG using a special tubing design and horizontal well liner. MIGD is therefore a hybrid of the configurations shown in Figures 1(c) and 2(b) . Perkins and Burger 70 modelled a heavy oil reservoir typical of those found in the Canadian provinces of Alberta and Saskatchewan, having a thickness of 30 m, porosity of 32%, vertical permeability of 3 darcy and located at a depth of circa 700 m with a pressure of 3750 kPag. The heavy oil had gravity of 10.5 API, viscosity at 20 of 49,302 cp and oil saturation of 80%. Simulations of the THAI, CAGD and MIGD configurations were then performed using the STARS software from CMG using the chemical reaction model of Belgrave et al. 22 The air injection was kept constant at a rate of 8500 Sm 3 /day for each configuration. To simulate reservoir heterogeneity, the porosity in each grid block was Cumulative Production (g) Figure 8 . Comparison of experimental and numerical simulation results for CAGD conducted at laboratory scale: (a) cumulative oil and water production and (b) cumulative CO 2 and O 2 production (data from Rahnema et al. 68 ).
randomly assigned a value between 10% and 70%, while maintaining the average porosity of 32%. The permeability, k, was calculated as a function of porosity, e, using Table 3 shows the results of cumulative oil production and AOR for the three separate configurations over a nine-year period. It can be seen that the AOR for THAI is always very high (>10,000 m 3 /m 3 ), which is due to breakthrough of oxygen into the production well and results in low oil production. In the simulations, it is observed that the combustion front preferentially channels through the high permeability zones, reducing sweep efficiency. While laboratory experiments of THAI show low AORs, 7,9 the simulation results are broadly consistent with the finding of Fatemi et al. 71 that transverse fractures reduced oil recovery from THAI in a network fractured reservoir and the generally poor AOR and oil recovery performance of THAI in field demonstrations to date.
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The CAGD process suffers from these phenomena also, but to a lesser extent. Results from the MIGD simulations show that the AOR remains consistently low (<5000 m 3 /m 3 ) and the cumulative oil recovery is the highest of the three configurations studied. The simulations indicate that by moving the injection point, preferential channelling of the combustion front through high permeability zones cannot establish itself as the dominant operation mode, as the oxidant is continuously exposed to new zones of the reservoir. In addition, the oxygen flux remains high, maintaining the combustion front in the HTO mode and ensuring efficient use of the injected oxygen in mobilising the oil. Figure 9 shows contours of the temperature for MIGD at three different times. It can be seen that the structure and peak temperature of the combustion zone remains fairly consistent as the oxidant injection point is swept through the reservoir. As a result, the cumulative oil production is high and the AOR is low. These simulation results indicate that MIGD could have substantial potential, especially in reservoirs which have heterogeneity and/or fractures. Further simulation and experimental work is required to evaluate and optimise the MIGD concept.
In situ gasification
Perkins and Sahajwalla 34 developed a model for ISCG by extending and simplifying a CFD code to a 1D channel geometry. This model assumed a gas and solid phase and implemented a mass transfer coefficient based on natural convection and used the formulation described by equations (8) and (9) together with heterogeneous kinetics for coal gasification based on the reaction model shown in Table 2 . The Grashof number determines the rate of mass transfer from the bulk gas to the coal surface and hence influences the conversion of coal into gas. Figure 10 shows the effect of varying the Grashof number between 10 10 and 10 13 on the axial variation of temperature and gas calorific value. It can be seen that the calorific value of the product gas increases with increasing Grashof numbers, implying that mass transfer is limiting coal conversion. Although the distributions of temperature and gas calorific value are sensitive to the Grashof number, for sufficiently long channels, the product gas calorific value and product gas temperature at the exit are not greatly affected. Figure 11 shows the axial temperature profiles, calorific values and gas compositions predicted by the model of Perkins and Sahajwalla 34 for oxidants with steam/oxygen molar ratios of 1:1, 2:1 and 3:1. In each case, all of the injected oxygen is consumed within the first 5 m of the channel, due to the high reaction rates of steam with char which produces volatile components (CO, H 2 ) which are subsequently combusted generating high temperatures. Figure 11(a) shows that for a steam/oxygen ratio of 1:1, the gas calorific value at the outlet approaches 300 kJ/mol (13 MJ/Nm 3 ). As the steam/oxygen ratio is increased to 3:1 the calorific value drops but remains above 250 kJ/mol (11 MJ/Nm 3 ). The temperature and gas composition profiles forecast from the model are consistent with laboratory measurements and field demonstrations. 72, 73 Using the multi-phase approach, Seifi et al. 39, 40 developed a three-dimensional (3D) model for ISCG using the CMG STARS software. Seifi et al. 39 applied their model to a deep, low moisture, low ash coal 
Char combustion and gasification via reaction with steam, CO 2 and H 2 were incorporated along with gasphase reactions for water-gas shift and steammethane reforming. In the study, a rectangular coal seam with dimensions of 25 m length, 12.5 m width and 9 m height was simulated using grid blocks 0.25 m Â 0.25 m Â 0.25 m in size. 39 While the grid block size is small in relation to typical values used for reservoir simulation applications, it is still large when attempting to resolve the drying, pyrolysis and gasification fronts that form during coal block gasification. Figure 12 shows results from the simulation model after 50 days of operations. The general form of the cavities -in terms of shape and the formation of various zones throughout the coal seam for gasification, combustion, pyrolysis and drying -appears to be qualitatively similar to field results. The production rate of the syngas and its composition was presented, although they were not compared with any experimental data. Temperature profiles along the gasifier reported by Seifi et al. 39 seem to be reasonable, reaching peaks of approximately 1200 C.
Challenges and opportunities Propagation of combustion front
Controlling the propagation of the combustion front is critical for a successful ISC or ISG project. For relatively immobile heavy oils and bitumen, a major challenge is to achieve sufficient mobility in the region downstream of the elevated temperature zone. 74 In long-distance displacement processes using vertical well patterns or a line-drive, there is substantial risk of oil plugging and gas bypassing. This may be mitigated by pre-heating of the reservoir. In the Suplacu de Barcau field in Romania, cyclic steam stimulation is used to produce oil and preheat the reservoir ahead of the ISC front. 75 In short-distance displacement processes such as THAI, CAGD and MIGD, steam injection and/or steam circulation is generally required to establish a mobile oil zone between the injection and production wells, before ignition of the oil.
Ensuring that the combustion zone operates in the HTO mode is also important, as LTO and MTO reactions may produce oxygenates which are more viscous than the virgin oil. Thus, air injection capacity should be sufficient to maintain the oxygen flux in the HTO regime, especially as the combustion front moves away from the injection well. 74 Upscaling of chemical kinetics convective fluid flow. In laboratory combustion tube tests, Da $ 10 3 , while under actual reservoir conditions, Da $ 10 7 . The kinetic parameters in the reaction models are calculated by fitting the simulation results to laboratory combustion tube experiments. While it is feasible to use very small grid block sizes of $10 À3 -10 À2 m to model laboratory-scale experiments, under actual reservoir conditions grid block sizes are necessarily much larger, typically with a length scale of $10 0 -10 2 m. Unfortunately, the kinetic parameters and the forecast predictions from the kinetic model are sensitive to the size of the grid blocks used in the numerical model. Thus, there is a need to upscale the chemical kinetics derived at laboratory scale for application in modelling ISC under actual reservoir conditions. Several methods have been proposed in the literature, including (i) introducing the concept of activation temperature, T ACT , which replaces the temperature in the kinetics with T ACT when the grid block temperature T < T ACT and (ii) introducing pseudo-kinetics by modifying the pre-exponential factor and/or activation energy to better replicate reaction behaviour on large grid blocks. Marjerrison and Fassihi 76 developed a procedure which modified the kinetics obtained from combustion tube runs and combined the cracking and combustion reactions into a new pseudo-reaction in an effort to avoid unphysical ''coking up'' in field simulations.
Kovscek et al. [77] [78] [79] have developed a procedure for upscaling of reaction kinetics called Work-flow-based Upscaling-for Grid-Independence (WUGI). The procedure involves six steps: (1) selection of reaction model, (2) fitting of reaction model to kinetic cell and combustion tube experiments, (3) obtaining estimates for fuel-deposition fraction , (4) running highfidelity 1D simulations to obtain reference solutions for , (5) running two-dimensional (2D) simulations to assess the impact on of variations in heterogeneity and (6) assignment of the fuel amount in each grid block of a field-scale simulation using the local conditions and data assembled from sensitivity studies.
79 Figure 13 shows a comparison of 2D simulations using the conventional Arrhenius kinetics and the WUGI upscaling approach with grid blocks of different sizes.
For ISCG, Perkins 29 developed a zero-dimensional (0D) model for cavity growth and compared its results with a 1D model of coal block gasification. The 0D model has been used within a channel model of ISCG but has not been adapted for use within a reservoir simulator. Seifi et al. 40 have proposed a methodology to convert intrinsic reaction kinetic parameters (per unit area) into those suitable for use in reservoir simulators using the porous media approach (per unit volume). However, the methodology did not consider upscaling of the kinetics to compensate for the fact that large grid block sizes used in reservoir simulators lead to volume averaged values of temperature, physical properties and concentrations that are not representative of the local conditions present at various reaction fronts. A workflow similar to WUGI could be applied for coal gasification applications.
In situ upgrading
A positive characteristic of ISC is that it uses the heavy oil and coke fractions to generate the energy required to mobilise the oil. Thus, laboratory experiments and field demonstrations show that the produced oil is upgraded by around 5 to 8 API compared to virgin oil. 7, 9, 80 Since ISC produces CO and generates temperatures in the range of 300 to 500 C, a number of researchers have proposed to add downhole catalysts to achieve even higher levels of oil upgrading. 81 Moore et al. 82 added a hydroprocessing catalyst to a conventional combustion tube experiment and undertook experiments with a Middle Eastern heavy oil. Significant hydrocracking was observed in the catalyst zone, leading to coke deposition and an eight-fold increase in light hydrocarbons in the C 1 to C 4 range.
The CAPRI process was developed as a modified version of the THAI configuration, which incorporates a packed catalyst into the annular space around the horizontal production well. A field demonstration of CAPRI was made by installing one catalyst packed production well at the Whitesands project in Canada. Field results showed an average 3 API increase compared to the conventional THAI wells. 83 Hart et al. 84 investigated the upgrading of oil in a micro-reactor to replicate the conditions in CAPRI. It was found that heavy oil was upgraded by up to 7 API points. The addition of hydrogen and the use of an activated carbon guard bed both improved upgrading. Abu et al. 85, 86 have performed combustion tube experiments using Athabasca bitumen and a supported NiMo/Alumina catalyst.
Major challenges for achieving in situ upgrading in practice are to ensure consistent temperature and composition at the location of the catalyst so that coking and catalyst deactivation can be limited. When combined with ISC and ISG, in situ upgrading offers a lot of promise; however, a pre-requisite for implementation should be successful operation of the underlying hydrocarbon recovery process.
Coping with reservoir heterogeneity
The impacts of fractures and reservoir heterogeneity on the ISC process have not yet been investigated extensively. Aleksandrov et al. 87 studied the impact of fractures on the ISC process in an experimental rig. Fatemi et al. 71, 88 examined the impact of transverse and longitudinal fractures on the performance of the conventional ''fireflood'' and the THAI process using a numerical model. Fractures could be modelled using the Multiple INteraction Continua (MINC) method. 42, 89 From an operational perspective, the performance of field demonstrations is often substantially lower than forecast from combustion tube tests or pilot projects using small pattern spacings. 5 One challenge is the preferential breakthrough of the combustion front due to reservoir heterogeneity. In all the existing ISC configurations, once the wells are drilled, the operator has only three degrees of freedom: injection rate, injection composition and production pressure. The process and combustion zone must be controlled through changes in one or more of these variables. Introducing more degrees of freedom could enhance operability. In ISCG, the controlled retraction of the oxidant injection point has been demonstrated to improve syngas quality and resource recovery when compared to the historical LVW configuration. 73, 90, 91 For ISC applications, the MIGD process uses a similar rationale to improve ISC performance. 70 Heterogeneity is present to some extent in all reservoirs; therefore, providing operators with an ability to explicitly control the location of the combustion fronts could lead to higher oil recovery and reduced AORs.
Conclusions
This paper has provided a brief review of mathematical modelling of ISC and ISG. The combustion Figure 13 . In situ combustion upscaling in horizontal 2D 1/4 five spot case (from Zhu et al. 77 ).
process is complex, involving a wide range of physics across a very large range of time and length scales. Mathematical formulations and numerical models have been developed to simulate the chemical reaction in multi-phase porous media. While four-phase modelling has been applied for oil applications for several decades, there is very little literature on applications of the technique to ISCG. There is significant opportunity to use mathematical models to investigate the behaviour of ISC and ISG in the presence of reservoir heterogeneities, including fractures, and to use these insights to develop more robust designs and configurations. Explicit movement of the location of the combustion front is one way to potentially improve the performance of the ISC process. The addition of catalysts in the reservoir or production wells also holds significant potential to improve the quality of the produced oil and gas.
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